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. . .  , . INTRODUCTION . - - .  

6 

I n  March 1965 Perkin-Elmer was awarded a  NASA funded f e a s i b i l i t y  

s tudy  program by P r ince ton  Un ive r s i t y  Observatory.  One of t h e  main purposes 

of t h e  s tudy  was t o  des ign  a  very  compact t e l e scope  system having a  40-inch- 

d iameter  a p e r t u r e  and f i t t i n g  w i t h i n  t h e  10-foot-long OAO s p a c e c r a f t  v e h i c l e .  

The instrument  s e c t i o n  behind t h e  t e l e s c o p e  primary .?as t o  c o n t a i n  two SEC 

v i d i c o n  image tubes,  e i t h e r  of which would be used f o r  d i f f r a c t i o n - l i m i t e d  

imagery o r  h igh  r e s o l u t i o n  spectrophotometry.  The spec t rograph  was envisaged 

as a n  e c h e l l e  arrangement t h a t  would f o l d  t h e  spectrum l i k e  t h e  l i n e s  of type  

on a p r i n t e d  page thereby pe rmi t t i ng  a  ve ry  l a r g e  wavelength increment t o  be  

i n t e g r a t e d  by t h e  v id i con  between each r eadou t .  Seve ra l  e c h e l l e  spec t rograph  

arrangements were found t h a t  could be packaged w i t h i n  t h e  narrow conf ines  

of t h e  instrument  s e c t i o n .  A l l  of t h e  spec t rograph  arrangements employed two 

m i r r o r s  and two g r a t i n g s  except f o r  one which cons i s t ed  of only two g r a t i n g s .  

The reduced number of o p t i c a l  s u r f a c e s  i n  t h e  l a t t e r  scheme appeared t o  o f f e r  

a f a c t o r  of 4 g r e a t e r  e f f i c i e n c y  i n  t h e  f a r  W where l o s s e s  a s  h igh  a s  50 
/ 

percent  per  s u r f a c e  a r e  common. . 

I n  a  subsequent phase of t he  Advanced S a t e l l i t e  Study (Perkin-  

Elmer Engineering Report No, 8585) t he  a b e r r a t i o n s  of t he  two-element 

spec t rograph  were s tud ied  using an a n a l y t i c a l  technique pe rmi t t i ng  paper-and- 

p e n c i l  a n a l y s i s .  This  i nd ica t ed  t h a t  a  two-element system w a s  f e a s i b l e ;  bu t ,  



PERKIN-ELMER 
Report No, 9349 

because of t h e  l a r g e  number of a b e r r a t i o n s  i c h e r e n t  i n  such a system, an 

independent check was deemed d e s i r a b l e .  

I n  the  present  phase, t h e  f e a s i b i l i t y  of a longer  two- - 

element e c h e l l e  was examined us ing  a  new o p t i c a l  des ign  computer program and 

a paper-and-pencil a n a l y s i s  s i m i l a r  t o  t h a t  used i n  t h e  previous  s tudy.  The 

o v e r a l l  l eng th  of t h e  spec t rograph  was increased  s i n c e  a  new t e l e scope  v e h i c l e  

t h a t  permi ts  a  longer  instrument  package now appears  l i k e l y ,  and because t h e  

increased  l eng th  would decrease  t h e  a b e r r a t i o n s  i n  such a system. 

T h i s  r e p o r t  o u t l i n e s  t h e  f i n a l  spec t rograph  des ign  parameters.  The 

balance of t h e  e f f o r t  under t h i s  c o n t r a c t  w i l l  be t o  c o n s t r u c t  a  breadboard 

v e r s i o n  of t h e  spectrograph and measure the  e f f i c i e n c y  and s c a t t e r i n g  i n  t he  

f a r  W. 
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DESIGN DESCRIPTION 

The f i n a l  s p e c t r o g ~ a p h  des ign  is shown i n  F igu re  1 and t h e  des ign  

parameters  a r e  l i s t e d  i n  Table 1. The t o t a l  d i s t a n c e  between t h e  f /10  f o c a l  

p lane  and t h e  c e n t e r  of t h e  v id i con  a t  t h e  £/I50 f o c a l  p lane  i s  approximately 

750 m (29.5 inches) .  The p r e d i s p e r s e r  g r a t i n g  is a t o r o i d a l  s u r f a c e  t i l t e d  

s l i g h t l y  i n  t h e  xz-plane and w i t h  i t s  g r a t i n g  l i n e s  i n  t h e  v e r t i c a l  o r  y- 

d i r e c t i o n .  The e c h e l l e  is  f l a t  and t i l t e d  i n  t h e  xy-plane s o  t h a t  t he  h igh  

d i s p e r s i o n  d i r e c t i o n  is  i n  t h e  y -d i r ec t ion .  The v i d i c o n  s u r f a c e  is a t  a  

compound ang le  w i th  r e s p e c t  t o  t h e  x-axis  ( t e l e s c o p e  o p t i c a l  a x i s )  and i s  d i s -  

placed i n  t h e  (minus) z - d i r e c t i o n  about 3  inches s o  t h a t  a wavelength of 19811 

i s  imaged i n  t h e  c e n t e r  of t h e  35-mm-diameter v id i con  format .  It i s  e s s e n t i a l  

t h a t  t h e  s e p a r a t i o n  between the  v id i con  and t h e  t e l e scope  a x i s  be a t  l e a s t  

3 inches s o  t h a t  t h e r e  i s  some c l ea rance  a v a i l a b l e  between a  p a i r  of 5-inch- 

diameter  v id i con  tubes  when they a r e  arranged symmetr ical ly  about t he  te lescope  

axis t o  provide  redundancy. The d i r e c t i o n  cos ines ,  cosf3 and cosy, l i s t e d  a t  

t h e  bottom of Table l % r e f e r  t o  t h e  components of a  u n i t  v e c t o r  normal t o  t h e  

v id i con  s u r f a c e  when p ro j ec t ed  onto the  y- and z-axes . respec t ive ly .  The r e l a t i o n -  
,' 

sh ip  between t h e  d i r e c t i o n  cos ines  and t h e  ang le s  shown i n , t h e  top and s i d e  pro- 

j e c t i o n s  of F igure  1 i s  g iven  by 
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PRINCETON ADVANCED SPECTROGRAPH 
DESIGN PARAMETERS 

f /10 Foca l  Plane P r e d i s p e r s e r  E c h e l l e  Vidicon Surf ace  
79 

Curvature  0 -0.0104219&~ 0 0 

51,4286m -36.429mm 734.4651m.n - Sepa ra t ion  

18O/m 16O/mm - Grat ing  Spacing - 
0. 0 .  0 .  0 .  y Decenter 

0.  0.  0 .  --75.76mm z Decenter  

0. 0 . 0.31846 -0.524 cosg 

0. 0.0310802 0 .  0.200 cosy 

9i- 
Toro ida l  s u r f a c e  wi th  major and minor axes r o t a t e d  45' w i t h  r e s p e c t  t o  
t o  t h e  yz-axis .  Curvatures  of major and minor axes equal  -0.0104219 and 
-0.0103410, r e spec t ive ly .  



36 mm dia. vidicon Face 

/------ 

75.76 

1 

Predisycrser Grating 
T i l t e d  1: -47 '  

on Axis Till.ed 31'-13' 

Figure 1. Princeton Advanced S a t e l l i t e  ~ ~ e c t t o ~ r a ~ h  Layout 
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t a n y C  = (2) 

where p '  i s  t h e  p ro j ec t ed  ang le  i n  t h e  xy-plane between t h e  s u r f a c e  normal and 

t h e  x-axis. y '  i s  t h e  p ro j ec t ed  angle  i n  t h e  xz-plane between t h e  s u r f a c e  

normal and t h e  x-axis .  

I. 
Equations (1) and (2) a r e  only r equ i r ed  f o r  compound ang le s .  A 

simple tilt i n  e i t h e r  t h e  p o r  y d i r e c t i o n ,  such a s  i s  t h e  c a s e  w i t h  both  

g ra t ings ,  can  be shown d i r e c t l y  on t h e  usua l  or thogonal  p r o j e c t i o n s .  

An enlarged  view of t h e  g r a t i n g  elements is shown i n  F igu re  2 .  

The p r e d i s p e r s e r  i s  only  about 6 mm i n  diameter  and =he e c h e l l e  i s  about 
0 

7 nm square.  A t  t h e  c e n t r a l  des ign  wavelength of 1981A t h e r e  i s  a  small  

s e p a r a t i o n  between t h e  incoming f /10  beam and t h e  £/I50 p r e d i s p e r s e r  beam 

0 

a t  t h e  e c h e l l e  g r a t i n g .  A t  lOOOA t h e  two beams ove r l ap  s l i g h t l y .  The over lap  

could be avoided by moving t h e  v id i con  f u r t h e r  away from t h e  o p t i c a l  a x i s  b u t  

on ly  a t  t h e  c o s t  of i nc reas ing  t h e  amount of coma and i n c r e a s i n g  t h e  t i lt  

between t h e  v id i con  a x i s  and t h e  t e l e scope  a x i s .  I f  a  s m a l l  groove i s  ground 

i n  t h e  s i d e  of t he  e c h e l l e  t o  pass  t h e  f /10  beam and i f  t h e  edge of t h e  e c h e l l e  

is pos i t ioned  t o  c a t c h  a l l  t h e  p r e d i s p e r s e r  beam except  f o r  t h e  p o r t i o n  h i t t i n g  
0 

t h e  groove, t hen  t h e  amount of v i g n e t t i n g  is  n e g l i g i b l y  sma l l  a t  l O O O A  and 

0 

approaches zero  a t  1500A. The maximum amount of v i g n e t t i n g  is i l l u s t r a t e d  i n  
/ 

Sect ion  A-A of F igure  2 .  

Also shoxm i n  the  end view of F igu re  2 i s  t h e  axes of t he  t o r o i d a l  

su r face  on t h e  p r e d i s p e r s e r  grating. The a c t u a l  amount a f  a s p h e r i z i n g  can 

be computed a s  fo l lows :  



0 

Top View A=198lA 

-x 

w P r e d i s p e r s e r  
180 Lines/mm 

S i d e  View 

0 

Top View A= 1000A 
z 

\ 

Toro ida l  P r e d i s p e r s e r  ' 

of  Max Curva ture  
C = -0.0104219 

0 

End V i e w  A= 1981A 

- 

S e c t i o n  A-A 

F i g u r e  2. P r i n c e t o n  Advanced S a t e l l i t e  Spec t rograph  Design D e t a i l s  
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where AS i s  t h e  maximum d i f f e r e n c e  i n  sag  between two p o i n t s  e q u i d i s t a n t  

from t h e  c e n t e r  of t h e  t o r o i d ;  x i s  t h e  r a d i u s  from t h e  c e n t e r ;  and C1 and C 
2 

a r e  t h e  maximum and minimum curva tu re s  on t h e  t o r o i d .  S u b s t i t u t i n g  i n t o  (3 )  w e  g e t :  

= (1.65) (0.0000809) 

= 0.134 micron 

w hi4 

This  i s  no t  an i n o r d i n a t e  amount of a sphe r i z ing  but ,  because it 

is  app l i ed  t o  a  r e f l e c t i v e  su r f ace ,  it has twice t h i s  e f f e c t  on t h e  o p t i c a l  

pa th .  

The r e l a t i o n s h i p  between t h e  or thogonal  coo rd ina t e  system x,y,z, 

t h a t  is  t i e d  t o  t h e  t e l e scope  a x i s  and t h e  h igh  and low g r a t i n g  d i s p e r s i o n  

d i r e c t i o n s ,  and t h e  or thogonal  coo rd ina t e  system used t o  r e f e r e n c e  p o s i t i o n s  

on t h e  v i d i c o n  su r f ace  y l , z '  is shown i n  F igu re  1. The o r d e r  of ope ra t ions  

performed by t h e  computer is  such t h a t  t h e  t i l t e d  y ' -ax is  l i e s  i n  t h e  xy-plane 

bu t  t h e  x l - a x i s  i s  slcewed wi th  r e s p e c t  t o  t h e  xyz-axis.  Thus t h e  h i g h '  

r e s o l u t i o n  d i r e c t i o n  corresponds t o  t hey -  o r  y t a x i s  bu t  t h e  low r e s o l u t i o n  

d i r e c t i o n  corresponding t o  t h e  x-axis appears  skewed on t h e  v i d i c o n  f o r n ~ a t .  

The format  d e t a f l s  are s h o ~ m  in Figure 3 ,  Each l i n e  corresponds 

t o  a d i f f e r e n t  o rde r  of i n t e r f e r e n c e  on t h e  e c h e l l e  g r a t i n g ,  Thus 2824k 



Spectrograph Format 

Figure 3 . Princeton Advanced Satellite Spectrograph Format 

L i n e  
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0 

occurs  a t  t h e  144th o rde r  and l015A occurs  a t  t he  39 th  o rde r ,  The c e n t e r  

wavelength of each l i n e  i s  approximated by 

39620 Ac = - angstroms m 

where m is  t h e  o rde r  of i n t e r f e rence  a t  t h e  e c h e l l e .  The wavelength range 

covered by each  l i n e  between t h e  50-percent p o i n t s  is  approximately 

39620 AA = -2 angstroms 
m 

The r e c i p r o c a l  d i s p e r s i o n  i n  angstroms p e r  m i l l i m e t e r  is approximately: 

when h i s  i n  angstroms. 

0 

Thus a t  1000; t h e  s c a l e  i s  1.72 A/mm and a t  2000A i t  i s  3.44 
0 

0 

A / m ,  e t c .  

When viewed along t h e  v id i con  a x i s  t h e  xz-plane i n t e r s e c t s  t he  

v id i con  s u r f a c e  a t  a n  angle  of 7O-16' because of t h e  compound angle  between 

t h e  v id i con  a x i s  and t h e  x,y,z a x i s .  Since t h i s  a l s o  corresponds t o  t he  

maximum i n t e n s i t y  d i f f r a c t i o n  d i r e c t i o n ,  t h e  format is s i m i l a r l y  t ipped .  

The amount of t i p p i n g  is a func t ion  of t h e  product of t h e  two d i r e c t i o n ,  

cos ines ,  cosp and cosy.  I f  cos$ and cosy a r e  l e f t  u n r e s t r i c t e d  except  f o r  

determining t h e  optimum f o c a l  pos i t i on ,  t he  amount of t i p p i n g  becomes 

inconvenient ly  l a r g e  (greater  than 15'). Therefore,  i t  was found p r e f e r a b l e  

t o  s e t  cosy t o  a convenient va lue  and thereby  limit the amount o f  tipping a t  

t h e  expense of somewhat l e s s  than optimum focus across  t he  format.  
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Because of t h e  awkward t r a p e z o i d a l  shape of t h e  spec t rograph  

format,  it was d e s i r a b l e  to  knock o f f  a few co rne r s  r a t h e r  than  reduce t h e  

d i s p e r s i o n ,  However a  number of wavelengths corresponding t o  i n t e r s t e l l a r  

abso rp t ion  - l i n e s  were randomly pos i t i oned  th roughou t - the  spectrum and i t  

was undes i r ab le  t o  knock out  any of t h e s e ,  
6 

A number of formats  were t r i e d  be fo re  one was found i n  which a l l  

of t h e  d e s i r e d  wavelengths f e l l  w i t h i n  t h e  36-mm-diameter v id i con  s u r f a c e .  

The d e s i r e d  wavelengths a r e  i n d i c a t e d  by x i n  F igu re  3 .  The wavelengths 

marked o  were used t o  determine t h e  a b e r r a t i o n s  a t  va r ious  p o i n t s  i n  t h e  

format .  
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GEOMETRICAL AEERRATIONS 

The a b e r r a t i o n s  o f i t h e  spec t rograph  were s t u d i e d  us ing  a computer 

program which performed a geomet r i ca l ly  exac t  r a y  t r a c e .  Represen ta t ive  po in t s  

i n  t h e  format were examined us ing  fans of  r ays  i n  bo th  y- and z-d i rec t ions , , ,  each 

o f  which cons i s t ed  of s e v e n ' e q u a l l y  spaced r ays  spanning t h e  en t r ance  a p e r t u r e .  

Aberra t ions  were computed by s u b t r a c t i n g  t h e  coord ina tes  of  t h e  two i d e n t i c a l  

c e n t r a l ' r a y s  from t h e  corresponding coord ina tes  of t h e  o t h e r  r ays .  I n  each case  

t h e  skewed p o s i t i o n  of  t h e  f o c a l  p l ane  was taken i n t o  account  i n  computing t h e  

coord ina tes .  The format p o s i t i o n s  of t h e  va r ious  wavelengths used t o  s t u d y  t h e  

a b e r r a t i o n s  a r e  shown i n  F igu re  3.  

The y '- d i r e c t i o n  a b e r r a t i o n  (h igh  r e s o l u t i o n  d i r e c t i o n )  f o r  bo th  

y and z fans a r e  i l l u s t r a t e d  i n  F igu re  4. Across t he  c e n t e r - o f  t h e  format 
0 1 0 

(1933A t o  2032.A t h e  geometr ica l  image s i z e  i s  l e s s  than  35 microns. A t  2824A 

t h i s  i nc reases  t o  a l i t t l e  over  40 microns, and at' t h e  o t h e r  end of t h e  spectrum 
0 

(1015A) t h e  image s i z e  i s  about  85 microns. This  compares favorably  w i t h  a 
0 

d i f f r a c t i o n - l i m i t e d  image s i z e  of  about  75 microns f o r  5000A a t  f/150. 

r 
t 

The z - d i r e c t i o n  a b e r r a t i o n s  ( low-resolut ion d i r e c t i o n )  f o r  a few 

c h a r a c t e r i s  t i c  po in ts  a r e  i l l u s t r a t e d  i n  F igu re  5.  These approach 200 microns 

i n  some p laces  but ,  p rovid ing  they  do n o t  cause  ad jacen t  l i n e s  t o  over lap  i n  t h e  

spectrograph format, they do not adversely affect the v id i con  r e s o l u t i o n ,  SFnce 

r h e c l o s e s r  l i n e  spac ing  i s  about  400 microns, t h e  z l -  d i r e c t i o n  a b e r r a t i o n  s i z e  i s  

w e l l  w i t h i n  bounds. 
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y b s n  . i p e r ~ ~ i . i l  >o:itii)ii z Fan A p e r t u r e  P o s i t i o n  y f a n  A p e r t u r e  P o s i t l o 1 1  2 Fan A p e r t u r e  P o s t t i o n  
8 

r i g u r e  4 .  A b e r r a t i o n  i n  y '  Direction 
(Oric Vertic.11 DFvFsivt: Lnu.?ls  10 M i c r o n s )  



y Fan A p e r t u r e  P o s i t i o n  z Fan A p e r t u r e  P o s i t i o n  
F i g u r e  5,  A b e r r a t i o n s  i n  z'  D i r e c t i o n  

(One V e r t i c a l  D i v i s i o n  Equals  50 Fiicrons) 
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As a cheek that  nothing unusual was occurring i n  the  spectrograph 

design, a second type of ray  t r ace  was performed, A t o t a l  of e ight  rays spaced 

a t  45-degree increments around the  edge of t he  entrance pupi l  were traced through 

t h e  system. Connecting the  ray  in tercepts  a t  the  focal  plane creates  a Lissajous 

f i gu re  cha rac t e r i s t i c  of the  p r inc ipa l  aberra t ions .  The r e su l t i ng  pat tern  fo r  

f i v e  points i n  the  spectrograph format and the  entrance pupil  coordinates of the  

e igh t  rays a r e  i l l u s t r a t e d  in Figure 6. The twisted e l l i p se s  a r e  cha rac t e r i s t i c  

of coma and astigmatism, I n  general,  the  r i m  ray  t r ace  does p red ic t  an image 

s i z e  somewhat larger  than predicted from the  y and z ray  fan t races .  For example, 
0 0 

at  1933A.and 2824A the  r i m  ray t r ace  predic ts  an image s i z e  between 70 and 80 

microns i n  the  y-direct ion whereas t he  y and z fan t races  indicated a s i z e  of only 
0 

35 or  40 microns. A t  t he  other end of the  spectrum (1015A), where the  y and z fans 

indicated the  r e l a t i v e l y  large image s i z e  of 85 microns, t h e  agreement i s  q u i t e  good. 

When the  geometrical image s i z e  approaches the  di f f ract ion- l imited image 

s i ze ,  as it does i n  t h i s  case, then t he  in te rpre ta t ion  of t h e  image s i z e  can be 

misleading, For example, a t  £/I50 a focal  plane out of focus by 22.5 millimeters 

would cause a bare ly  discernible  image degradation, a maximum op t i ca l  path 

d i f fe rence  of a quar ter  wavelength a t  0.5 micron, and a geometrical image s i z e  

of 150 microns. The re la t ionsh ip  between geometrical image s i z e  and wavefront 

deformation i s  d i f f e r en t  for each type of aberrat ion.  However the  comparable s izes  
i 

of the geometrical and di f f ract ion- l imited images, together wi th  ana ly t i c a l l y  derived 

op t i ca l  path differences,  ind ica te  t ha t  the  spectrograph s b u l d  operate very close 

t o  what would be expected from a di f f ract ion- l imited systerre, 
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Entrance P u p i l  Coordinates 

Figu re  6. Rim Ray Trace Aberrations 
(One Division equals 50 Microns) 
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SECTION I V  
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OPTICAL PATH DIFFERENCES 

The usua l  method of d e a l i n g  w i t h  a b e r r a t i o n s  i s  t o  expand t h e  

o p t i c a l  p a t h  between ad jacen t  su r f aces  i n  a  converging power s e r i e s  t h a t  

inc ludes  t h e  coord ina tes  of t h e  en t r ance  p u p i l  and the  p o s i t i o n  of t h e  o b j e c t .  

I f  t h i s  i s  c a r r i e d  through t o  3rd order ,  t hen  i n d i v i d u a l  s u r f a c e  c o n t r i b u t i o n s  

may be combined t o  o b t a i n  t h e  t o t a l  o p t i c a l  pa th  d i f f e r e n c e s  (OPD's) presen t  

a t  t h e  f o c a l  plane.  A ve ry  s i m i l a r  technique can  be app l i ed  t o  gra t ings*  

but  t h e  r e s u l t  i s  somewhat more complex because of t he  form of t h e  g r a t i n g  

equat ion  and t h e  gene ra l  l ack  of r o t a t i o n a l  symmetry i n  g r a t i n g  systems. 

Fo r  t h e  p re sen t  problem it is s u f f i c i e n t  t o  cons ide r  only a  

s i n g l e  s p h e r i c a l  g r a t i n g  a c t i n g  a s  i t s  own f i e l d  s t o p . .  The geometry of such 

a system i s  i l l u s t r a t e d  i n  F igure  7 .  The x-axis  is  normal t o  t h e  g r a t i n g  

v e r t e x  and the  two s e t s  of or thogonal  y-and z-axes con ta in  t h e  o b j e c t  and 

image p o i n t s .  The d i s t a n c e  between a  p o i n t  y  
l ? z l ~  

and a p o i n t  y?,  z  v i a  
k 2 

t h e  g r a t i n g  v e r t e x  i s  r + r For a  gene ra l i zed  po in t  on the  g r a t i n g  
1 2 '  

s u r f a c e  (6,T) and a po in t  x,y i n  an xy-plane a  d i s t z n c e  .4 away from t h e  

.- 
g r a t i n g ,  t h e  pa th  i s  g iven  by: 

where 5 i s  t he  sag  of t he  s p h e r i c a l  g r a t i n g  a t  t h e  p o i n t  [,I, I f  R i s  t h e  

r a d i u s  of t h e  g r a t i n g ,  5 is given by 

* 
W. Werner, "The Geometrical O p t i c a l  Aberra t ion  Theory of D i f f r a c t i o n  Gratings",  
Applied Opt ics ,  Vol. 6, No. 10, p  1691. 
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By definition 

and 
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Subst3tuting equations (8) and (11) into equation (7), we obtain 

If we square the first term and neglect higher powers, then 



I n  o rde r  t o  f i n d  t h e  t o t a l  p a t h  l eng th  between any two p o i n t s  ,- i n  

o b j e c t  and image space, it i s  necessary  t o  s u b s t i t u t e  t h e  app ropr i a t e  x lJ Y l ?  

and rl i n t o  equat ion  ( l o ) ,  thereby determining P 1 and then  s i m i l a r l y  de te rmining  

P2. The r e s u l t  i s  
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The f i r s t  term is a  c o n s t a n t  and i s  t h e r e f o r e  n o t  an  a b e r r a t i o n .  

If t h e  ang le  of incidence equa l s  t h e  ang le  of d i f f r a c t i o n  i n  t h e  ~ t - ~ l a n e ,  

Y 1  ':Y2  then^ = -- and t h e  f i r s t  p a r t  of t h e  second term equa l s  zero.  The second 
r 9 

J. c. 

p o r t i o n  of t h e  second t e n  i s  a l i n e a r l y  i nc reas ing  p a t h  d i f f e r e n c e  normal t o  

t h e  g r a t i n g  l i n e s  which i s  r e spons ib l e  f o r  t h e  d i s p e r s i o n  i n  a  g r a t i n g  system 

and i s  t h e r e f o r e  not  considered a n  a b e r r a t i o n  e i t h e r .  The t h i r d  term expresses  

t h e  e f f e c t  of defocussing.  I n  g e n e r a l  t h e  f o c a l  p lane  i s  curved.  The f o u r t h  

term i s  s p h e r i c a l  a b e r r a t i o n  and t h e  f i f t h  i s  coma. Both of t h e s e  terms can  be 
, 

,' 1 1 .- 2 
s i m p l i f i e d  somewhat using t h e  r e l a t i o n  1- + - - - = 0). The l a s t  t e k  is  

\rl rq R I 
I L 

2 2 
as t igmat i sm and may a l s o  be s i m p l i f i e d  by c o l l e c t i n g  l i k e  terms i n  < , ? + 0. 
A f t e r  s i s n p l i f i c a t i o n  
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2  2  ( y 1 ( + z n )  ( ~ ~ 5 + ~ ~ 1 J ~  
,W (.L - L' r I. :. - - AP - -  2 2 (20) coma 2 r \rl R) L 

If we cons ide r  t h e  f i r s t  and second g r a t i n g s  independent ly and use  

a  c e n t r a l  wavelength t o  c a l c u l a t e  t h e  a b e r r a t i o n s ,  then t h e  r e s u l t s  a r e  a s  

l i s t e d  i n  Table 2. 

The l a r g e s t  a b e r r a t i o n  i s  as t igmatism on t h e  second g r a t i n g  r e s u l t i n g  

2 
from the  0 ast igmatism term. This  i s  followed by 6 ast igmatism from t h e  f i r s t  

g r a t i n g  and then  by 7 coma from t h e  f i r s t  g r a t i n g .  In  gene ra l  as t igmatism 
," 

i s  a  c y l i n d r i c a l  deformation t h a t  causes t h e  focus of t h e  wavefront t o  vary.  

Lt i s  t h e r e f o r e  p o s s i b l e  t o  c o r r e c t  t h e  ast igmatism a t  any one p o i n t  i n  t h e  

f o c a l  p lane  by  i n t r o d u c i n g  a c y l i n d r i c a l  o r  t o r i c  s u r f a c e  somewhere i n  t h e  

o p t i c a l  system, 
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TABLE 2 

PRINCETON ADVANCED SATELLITE SPECTROGRAPH 
OPTICAL PATH DIFFERENCES 

Parameter * First Gratin% Second Grating 
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Balancing a b e r r a t i o n s  on one s u r f a c e  w i t h  those  on ano the r  i s  ou t  of t h e  

ques t ion  w i t h  t h e  p re sen t  geometry s i n c e  none of t h e  a b e r r a t i o n s  have 

c o n t r i b u t i o n s  from bo th  su r f aces .  I n  theory  it should a l s o  be  p o s s i b l e  t o  

c o r r e c t  coma a t  any p o i n t  i n  t h e  f o c a l  p l ane  wi th  a  s u r f a c e  having a  cubic  

term t o  d e s c r i b e  t h e  sag.  Such a  s u r f a c e  would be d i f f i c u l t  t o  make because 

o f  t h e  l a c k  of symmetry and would a l s o  n e c e s s i t a t e  major changes t o  t h e  

computer program used i n  o p t i c a l  des ign .  A s i m i l a r  l i m i t a t i o n  p reven t s  any 

s e r i o u s  cons ide ra t ion  of t h e  t h e o r e t i c a l  p o s s i b i l i t y  of c o r r e c t i n g  two 

a b e r r a t i o n s ,  such a s  s p h e r i c a l  a b e r r a t i o n  and coma, over  t h e  e n t i r e  f i e l d  

u s ing  411 t h e  freedom inhe ren t  w i th  two s u r f a c e s .  

The s u r f a c e  r equ i r ed  t o  c o r r e c t  t h e  0 ast igmatism term is a 

t o r i c  s u r f a c e  w i t h  i t s  a x i s  a t  45 degrees  t o  t h e  y- and z-axes. This  can be 

shown by expanding t h e  sag  of such a  s u r f a c e  i n  a  s e r i e s  such  a s  fo l lows  

( 1 2 + e 2 )  ( c , + c 2 )  0 ( C 1 - C 2 )  
Sag = . 4 

-!- 
2 (22) 

where C1 and C2 a r e  t h e  cu rva tu re s  of t h e  major and minor axes  a t  45 degrees 

t o  t h e  7- and 6-axes. 

The f i r s t  term i n  t h i s  expansion i s  t h e  sag  a s s o c i a t e d  wi th  any 

s p h e r i c a l  s u r f a c e .  The second term, which has t h e  r equ i r ed  (7) dependency, 
C 

is  due t o  t h e  a s t i gma t i c  n a t u r e  of a  t o r o i d a l  sur face .  In  theory,  t h e  t o r i c  

s u r f a c e  could  be placed on e i t h e r  of t h e  two g r a t i n g  s u r f a c e s ;  bu t ,  from a 

manufacturing po in t  of view, i t  is d e s i r a b l e  t o  p lace  it on t h e  p r e d i s p e r s e r  

t h u s  leaving the  echelle f l a t .  The difference i n  curnatures on t h e  predisperser 

can  be c a l c u l a t e d  from equat ion  (22)  by assuming t h a t  t h e  OPD i s  twice the  

v a r i a t i o n  i n  sag,  which i s  s t r i c t l y  t r u e  f o r  normal inc idence  only ,  Thus, 

from Table  2 and equat ion  (22) . 
2 4 
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T h i s  agrees  q u i t e  w e l l  w i t h  t h e  0.0000809 va lue  found by t r ia l  

and e r r o r  u s ing  t h e  computer. The next  l a r g e s t  a b e r r a t i o n  i s  as t igmatism 

from t h e  f i r s t  g r a t i n g  i n  t h e  0- o r  y-d i rec t ion .  Th i s  could a l s o  be remedied 

by a t o r o i d a l  su r f ace ,  b u t  it i s  more convenient ly c o r r e c t e d  simply by 

a d j u s t i n g  t h e  focus t o  co inc ide  w i t h  t h e  a s t i gma t i c  image p lane  i n  t h e  h igh  

r e s o l u t i o n  o r  [ -d i rec t ion .  The only  remaining a b e r r a t i o n  of any apprec i ab le  

magnitude is coma from t h e  f i r s t  g r a t i n g .  Coma c o r r e c t i o n  would r e q u i r e  a 

non-symmetrical f i g u r e  (cubic  s a g  term) t h a t  would be  very  d i f f i c u l t  t o  

genera te ;  s o  coma c o r r e c t i o n  was n o t  a t tempted.  
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SECTION V 

CONCLUSIONS 

A two-element echellg spectrograph covering the spec t ra l  region from 
0 0 

lOOOA t o  2800A on a s ing le  36-m-diameter vidicon format i s  feasible.  I n  a 

design tha t  uses only a f l a t  echelle grating and a s l i g h t l y  astigmatic spher ical  

primary, a l l  the  aberrations can be kept su f f i c i en t ly  small so as t o  reader the 

system essen t ia l ly  dif f ract ion- l imited a t  the £1150 focal plane. In  order t o  

keep the dispersion su i t ab ly  high, i t  i s  neccessary t o  knock a few corners off of 

the  spectrum a t  the long wavelength end, but t h i s  need not eliminate any of the 

more important i n t e r s t e l l a r  absorption l ines .  The.resolution l ike ly  t o  r-. - 

be achieved with such an instrument w i l l  probably depend more on the scat tered 

l i g h t  l eve l  and the op t ica l  perfection of the gratings than on the aberrations 

inherent i n  such a system. However, considering only the combined e f fec t s  of 

d i f f rac t ion  and the op t ica l  aberrations, then a l imit ing resolution of 20 l ines  per 
0 

millimeter should be possible below 3000A. This corresponds to  a resolut ion of 

4 
about one par t  in  10 . 

It i s  therefore recommended that  construction of the breadboard 

instrument proceed and that  the op t ica l  e f f ic ienc ies  and scat tered l i g h t  l i ve l s  

be measured . 






